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a b s t r a c t
Thermal oxidation (TO) of Ti6Al4V alloywas performed at 500, 650 and 800 ◦C for 8, 16, 24 and 48h in air.
Themorphological features, structural characteristics,microhardness and corrosion resistance inRinger’s
solution of TO Ti6Al4V alloy were evaluated and compared with those of the untreated one. The surface
morphological features reveal that the oxide film formed on Ti6Al4V alloy is adherent to the substrate at
500 and 650 ◦C irrespective of the oxidation timewhereas it spalls off when the alloy is oxidized at 800 ◦C
for more than 8h. X-ray diffraction (XRD) measurement reveals the presence of Ti(O) and -Ti phases on
alloy oxidized at 500 and 650 ◦C, with Ti(O) as the dominant phase at 650 ◦C whereas the alloy oxidized
at 800 ◦C exhibits only the rutile phase. Almost a threefold increase in hardness is observed for the alloy
oxidized at 650 ◦C for 48hwhen compared to that of the untreated one. Thermally oxidized Ti6Al4V alloy
offers excellent corrosion resistance in Ringer’s solution when compared to that of the untreated alloy.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Titanium and titanium alloys are widely used as bio-implant
materials, particularly for orthopaedic and osteosynthesis applica-
tions due to their lowdensity, excellent biocompatibility, corrosion
resistance and mechanical properties [1–4]. One of the important
reasons for choosing these materials is their ability to form a sta-
ble passive oxide layer, which offers them an excellent corrosion
resistance. Accumulation of ions on tissues adjacent to the implant
observed during implant retrieval analysis [5] indicates that the
native forms of passive oxide film (4–6nm thick) on Ti and its alloys
possess poor mechanical property and they might got disrupted at
very low shear stresses, even by rubbing against soft tissues [6].
Fretting and sliding wear conditions would lead to fracture of the
passive layer [7–10] and under extreme conditions cause loosen-
ing and an eventual failure of the implant. The wear debris and the
metal ions released during fracture of the passive layer can cause
adverse tissue reactions. These limitations preclude the use of Ti
and its alloys for articulating surfaces.
Among thevarious typesof Ti alloys, Ti6Al4Vhasbeen thechoice
in many instances. In spite of its good mechanical properties and
corrosion resistance, the two major concerns in using this alloy for
implant applications are: (i) leaching of V and Al which could cause
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peripheral neuropathy, osteomalacia andAlzheimer diseaseswhen
the concentrationof these ions exceeds the threshold level [11–13];
and (ii) the large modulus mismatch between the Ti6Al4V alloy
(∼110GPa) and the bone (∼10–40GPa), which could cause insuffi-
cient loading of the bone adjacent to the implant [14]. Insufficient
loading on the bone may lead to fracture of the bone if it experi-
ences a sudden jerk or impact due to stress shielding. Development
of new alloy materials and modification of the surface of the cur-
rently used Ti alloys have been widely explored to overcome these
problems. The development of Ti6Al7Nb [15] and Ti5Al2.5Fe [16],
whereNbandFewere substituted forV in Ti6Al4Valloy as less toxic
alternatives have not receivedmuch success as they still contain Al
[17,18]. Numerous surface modification methods such as, chemi-
cal treatment (acid and alkali treatment) [19–20], electrochemical
treatment (anodic oxidation) [21], sol–gel [22], chemical vapour
deposition [23], physical vapour deposition [24], plasma spray
deposition [25], ion implantation [26], thermal oxidation [27], etc.
have been explored to impart the desired surface properties with-
out altering the property of the implants, especially themechanical
property and corrosion resistance, on the currently used implant
materials. One of the simplest methods to generate a barrier layer
on titanium is to treat it thermally in a furnace in air, which pro-
duces a surface oxide layer. Thermal oxidation (TO) treatment,
which is aimed to obtain in situ ceramic coatings, mainly based on
rutile, can offer thick, highly crystalline oxide films, accompanied
with the dissolution of oxygen beneath them. TO of titanium and
its alloys has already been investigated for biomedical applications
with a focus to improve the hardness and wear resistance [28–31].
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The Young’smodulus of thermally oxidized titanium is comparable
with that of the bone [32]. However, only a few reports are available
on the corrosion behaviour of thermally oxidized Ti and its alloys
[27,28,33–36]. Guleryuz and Cimenoglu [27] have reported that
the corrosion resistance of Ti6Al4V alloy is significantly improved
after TO treatment at 600 ◦C for 60h. The life time of the protec-
tive surface layer of the TO treated titanium was reported to be
increased by almost 13 times than plasma nitrided titanium when
it was tested in boiling 20% HCl solution [33]. According to Lopez
et al. [28] Ti6Al7Nb, Ti13Nb13Zr and Ti15Zr4Nb alloys exhibited
a lower current density when they are in the thermally oxidized
state. Comparison of the corrosion behaviour of pickled, anodized
and thermally oxidized titanium indicates that the later treatment
has offered a better corrosion resistance [34,35]. Garcia-Alonso et
al. [36] have reported similar corrosion behaviour of Ti6Al4V alloy
when it was thermally treated at 500 and 700 ◦C for 1h.
To ascertain the suitability of Ti and its alloys as an implant
material, several properties must be evaluated. Among these, cor-
rosion resistance assumes significance, because the metal ions
released from the implant to the surrounding tissues may give rise
to biocompatibility problems. The hardness, corrosion resistance
and wear resistance are expected to improve with the formation
of an adherent and hard oxide layer on the surface of titanium
[33]. However, TO of Ti at high temperatures (>800 ◦C) and for pro-
longeddurations of time could lead to the formationof a thick oxide
layer but spallation of the oxide layer becomes a major concern
[37]. The large volume ratio of rutile to Ti (1.73) [38], large lat-
tice mismatch and the large difference in the coefficient of thermal
expansion between the rutile and titanium are considered respon-
sible for the spallation of the oxide layer [39,40]. Moreover, the
nature and properties of the oxide layer would vary depending on
the treatment conditions employed for oxidation. Thus, an exten-
sive study is needed to optimize the oxidation temperature and
time so as to produce an adherent surface oxide layer that can
improve the corrosion resistance and biocompatibility. In terms of
corrosion resistance, it is preferable to form an oxide layer with
rutile structure since the rutile phase offers better corrosion resis-
tance in hot reducing acids compared to that of the anatase phase
[33]. Thepresent studyaims (i) to study theTObehaviourof Ti6Al4V
alloy at different temperatures, namely, 500, 650 and 800 ◦C and
for various durations of time, viz., 8, 16, 24 and 48h; (ii) to evalu-
ate the corrosion resistance of thermally oxidized Ti6Al4V alloy in
Ringer’s solution (simulated body fluid); and (iii) to compare the
corrosion resistance of thermally oxidized Ti6Al4V alloy with that
of the untreated alloy.
2. Experimental details
Ti grade-5 (chemical composition in wt.%—N: 0.02; C: 0.03; H: 0.011; Fe: 0.22;
O: 0.16, Al: 6.12; V: 3.93 and Ti: balance) was used as the substrate material. Before
subjecting to oxidation process, the Ti6Al4V alloy was mechanically polished using
various grades of SiC paper (60, 100, 220, 320, 400, 600 and 1/0, respectively) at a
very slow speed, thoroughly rinsed in deionized water and dried using a stream of
compressed air. Proper care is taken during polishing so that the extent of plastic
deformation will be very less to cause any significant change in the oxidation kinet-
ics/mechanism. TO was carried out in a muffle furnace (LENTON make) at 500, 650
and 800 ◦C for 8, 16 and 24h in air. The rate of heating was kept at 5 ◦Cmin−1 in all
the experiments. Some experiments were also performed for a longer duration of
48h at 650 ◦C to understand the nature of oxide layer formed at such conditions.
After TO treatment, the Ti6Al4V alloy was allowed to cool in the furnace itself at
its own cooling rate. Roughness measurements were performed on the surface of
the Ti6Al4V alloy before and after thermal oxidation treatments using a Mitutoyo
SJ-301 stylus surface profilometer. The pull off adhesion tests were performed on
TO samples for the qualitative analysis of adhesion of the oxide with the substrate.
The phase constituents of untreated and TO Ti6Al4V alloy and the nature of the
oxide film formed on their surface were determined using X-ray diffraction (XRD)
measurements (D8 DISCOVER, Bruker axs) with Cu-K radiation. The thickness of
the oxide layer and the surface morphology of TO Ti6Al4V alloy were assessed by
scanning electron microscope (SEM). The microhardness of the untreated and TO
Ti6Al4V alloy was measured at the surface using a Leica VMHTMOT microhardness
Fig. 1. Scanning electronmicrographs showing surfacemorphologyof Ti6Al4Valloy
thermally oxidized at 500 ◦C for various durations of time in air (a) 8h, (b) 16h and
(c) 24h.
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Fig. 2. Scanning electron micrographs showing surface morphology of Ti6Al4V alloy thermally oxidized at 650 ◦C for various durations of time in air: (a) 8h, (b) 16h, (c) 24h
and (d) 48h.
tester at a load of 200 gf applied for 15 s. Themicrohardness depth profiles from the
surface to the core of the TO Ti6Al4V alloywere also determined. Seven indentations
were made on each sample and the values were averaged out.
The corrosion behaviour of untreated and TO Ti6Al4V alloy was evaluated
by potentiodynamic polarization and electrochemical impedance spectroscopic
(EIS) studies using a potentiostat/galvanostat/frequency response analyzer of ACM
instruments (model: Gill AC). Ringer’s solution, having a chemical composition (in
g l−1) of 9 NaCl, 0.24 CaCl2, 0.43 KCl and 0.2 NaHCO3 (pH: 7.8), that chemically
simulates the physiological medium of the human body, which is also referred as
simulated body fluid (SBF), was used as the electrolyte solution. All the experiments
were conducted at 37±1 ◦C. Before performing the corrosion studies, the untreated
Ti6Al4V alloy was mechanically polished using various grades of SiC paper (60, 100,
220, 320, 400, 600, 1/0, 2/0, 3/0 and 4/0, respectively), followed by 0.3m alu-
mina paste to a mirror finish, rinsed with deionized water, pickled using a mixture
of 35vol.% HNO3, 5 vol.% HF and balance water at 40 ◦C, as described by Schutz and
Thomas [41], thoroughly rinsed in deionizedwater and dried using a streamof com-
pressed air. Ti6Al4V alloy samples subjected to TO were rinsed in deionized water
anddried using a streamof compressed air. The cleaned samples, either untreated or
thermally oxidized, formed the working electrode while a saturated calomel elec-
trode (SCE) and a graphite rod served as the reference and auxiliary electrodes,
respectively. These electrodes were placed in a flat cell in such a way that only
1 cm2 area of the working electrode was exposed to the electrolyte solution.
Potentiodynamic polarization tests were carried out at a scan rate of
100mVmin−1 from−250 to+3000mVvs. SCEwith respect to theopencircuit poten-
tial (OCP). A very high anodic potential (+3000mV vs. SCE) was chosen to study the
effect of naturally formed oxide on the untreated Ti6Al4V alloy and the oxide layer
grown thermally on Ti6Al4V alloy in Ringer’s solution. The corrosion potential (Ecorr)
and corrosion current density (icorr) were determined from the polarization curves
using Tafel extrapolation method. The passive current density (ipass) correspond-
ing to +1000mV vs. SCE was measured from the anodic region of the polarization
curve to observe the passivation ability of untreated and thermally oxidized Ti6Al4V
alloy. EIS studywas conducted by applying sinusoidal signal amplitude of 32mVand
the electrode response was analyzed in the frequency range between 10,000 and
0.1Hz in Ringer’s solution at their respectiveOCP. The impedance value of untreated
and TO Ti6Al4V alloy was measured from the Bode impedance plots. The polariza-
tion and EIS studies were repeated at least 3 times to ensure reproducibility of test
results.
3. Results and discussion
3.1. Visual observations
Visual observation of thermally oxidized Ti6Al4V alloy indicates
the formation of a very distinct colouration on the surface. The
colour of the thermally oxidized Ti6Al4V alloy changes from light
blue to dark brown with the increase of temperature from 500 to
650 or 800 ◦C, respectively. The change in colour of the Ti6Al4V
alloy after TO is due to the increase in thickness of the surface oxide
layer and the consequent change in the interference of the incident
light radiation. The oxide film formed at 500 and 650 ◦C for vari-
ous durations of time is found to be adherent when evaluated by
a pull off adhesion test while those formed at 800 ◦C for 16, 24
and 48h exhibit spallation. Debonding of the oxide layer formed at
temperatures higher than 800 ◦C and for longer treatment time has
also been observed on CP-Ti [37,38]. Hence, further characteriza-
tionwas restricted only to Ti6Al4V alloy oxidized at 500 and 650 ◦C
for 8, 16, 24 and 48h and at 800 ◦C for 8h.
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Fig. 3. Scanning electronmicrograph showing surfacemorphology of Ti6Al4V alloy
thermally oxidized at 800 ◦C for 8h in air.
3.2. Surface morphology of the oxide film formed on Ti6Al4V alloy
The surface morphology of Ti6Al4V alloy thermally oxidized at
500 ◦C for 8, 16 and 24h (Fig. 1), at 650 ◦C for 8, 16, 24 and 48h
(Fig. 2) and at 800 ◦C for 8h (Fig. 3) clearly reveals the presence
of oxide scales throughout the surface without spallation. A closer
examination of the surface morphology of the oxide layer formed
at different temperatures and for various durations of time indi-
cates the nature of the oxide film. The surface morphology clearly
reveals the formation of a thin oxide scale over the substrate along
with a fewnodular oxide particleswhen the oxidation is performed
at 500 ◦C for 8h.With the increase in treatment time from 8 to 16h
at 500 ◦C, the oxide particles grew outwardly and cover the entire
surface of the alloy. However, increase in treatment time results in
the increase in outward oxidation and agglomeration of the oxide,
which leaves behind a gap or discontinuity of the oxide grains that
could be also considered as deep grain boundary. The growth of
oxide particles is found to be dependent on the temperature and it
is observed that the extent of agglomeration and growth of oxide
is higher at a much lower treatment time when the temperature
is increased from 500 to 650 ◦C. In a similar way like oxidation at
500 ◦C, increase in treatment time at 650 ◦C enables an increase in
the size of the oxide particles, which results in an increase in gap
between the nearby oxide grains or porosity of the oxide layer. In
this paper, gap between the oxides grains formed on the surface
is considered as the porosity of the oxides. Finer grain size will be
more compact in structure whereas bigger grains can accommo-
date few smaller grains between the gaps of two oxide grains. The
porosity of Ti6Al4V alloy thermally oxidized at 650 ◦C for 16h is
higher than that oxidized at 500 ◦C for 16h. Increase in treatment
time from 8 to 24h at 650 ◦C, results in the formation of fine and
dense oxide particles, which cover the entire surface of the alloy.
However, further increase in time to48h leads to theagglomeration
of the finer oxide grains formed at lesser treatment time to a bigger
one and consequently generates porosity/gap between the oxide
grains on the oxide surface. The Ti6Al4V alloy thermally oxidized
at 650 ◦C for 48h has shown nucleation of fine particles at the gap
between adjacent oxide grains. The nucleation and agglomeration
of finer grains leads to the formation of bigger grains that separates
withnear by grains,when theoxidation temperaturewas increased
to 800 ◦C and for 8h treatment time. Increase in treatment time
Fig. 4. EDX pattern of Ti6Al4V alloy thermally oxidized at 650 ◦C for 48h. (The area
used for the energy dispersive X-ray analysis and the distribution of element in that
area is given in the insets.)
from 8 to 16 and 24h at 800 ◦C leads to spalling off the oxide
scale.
The evolution of surface morphology of the oxide film formed
on Ti6Al4V alloy during TO at different temperatures and for vari-
ous durations of time suggests that nucleation of oxide takes place
throughout the surface of the samples when it immediately comes
in contact with oxygen. The energy dispersive X-ray (EDX) analysis
performed on a given area of Ti6Al4V alloy thermally oxidized at
650 ◦C for 48h and the distribution of the elements in that area
(Fig. 4) clearly reveals that the nucleation of oxide takes place
throughout the surface. The growth mode involves the formation
of a thin oxide scale followed by its agglomeration and growth.
The cross-sectional view of samples thermally oxidized at different
temperatures and times clearly reveals the presence of homoge-
nous oxide layer over the substrate at all treatment conditions
(Fig. 5).
3.3. Surface roughness of the oxide film formed on Ti6Al4V alloy
The values of surface roughness parameters (Ra, Rz and Rq) for
the samples before and after TO, are given in Table 1. It is evi-
dent from Table 1 that the Ra value increases with the increase
in temperature and time employed for oxidation. The increase in
surface roughness of Ti6Al4V alloy following TO treatment can be
ascribed to the growth mechanism of the oxide layer, i.e., with the
increase in temperature and time, the kinetics of outward growth
increases that has resulted in higher roughness. For any given tem-
perature, increase in treatment time results in an increase in surface
roughness. This can be explained by the fact that with increase
in treatment time the oxide layer becomes porous and develops a
stratified structure,which enables an increase in the surface rough-
ness [42,43]. Borgioli et al. [44] have also reported an increase in Ra
Table 1
Surface roughness of untreated and thermally oxidized Ti6Al4V alloy.
Treatment temp. (◦C) Time (h) Ra (m) Rz (m) Rq (m)
Untreated 0 0.15 0.80 0.19
500
8 0.19 1.20 0.24
16 0.23 1.82 0.30
24 0.28 1.83 0.35
650
8 0.27 1.87 0.33
16 0.32 2.17 0.41
24 0.37 2.61 0.47
48 0.43 2.97 0.54
800 8 0.60 4.05 0.75
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value from 0.50 to 1.0m when Ti6Al4V alloy is subjected to TO at
1000 ◦C for 2h in air atmosphere at 105 Pa.
3.4. Structural characteristics of untreated and thermally
oxidized Ti6Al4V alloy
TheXRDpatternsofuntreatedandTOTi6Al4Valloyare shown in
Fig. 6. Untreated Ti6Al4V alloy is comprised of+ phase (denoted
as ‘-Ti’ and -Ti in Fig. 6). Since the depth of penetration of Cu-K
radiation is in the range of 10–20m, the presence of-Ti and/-
Ti peaks in the XRD pattern of TO Ti6Al4V alloy with thinner oxide
layer is quite evident. The XRD patterns of TO Ti6Al4V alloy exhibit
the presence of rutile and oxygen diffused Ti (Ti(O)) as the predom-
inant phase along with a small amount of -Ti and /-Ti peaks.
Anatase phase peaks (denoted as ‘A’ in Fig. 6) were also observed
at lower diffraction angle for the Ti6Al4V alloy that is thermally
oxidized at lower temperature such as 500 ◦C, irrespective of the
treatment time. The intensity of the peak pertaining to the anatase
phase is relatively higher at lower treatment time of 8h along with
the Ti and Ti(O) phase peaks. However, with increase in treatment
time from 8 to 24h, the intensity of the anatase peaks reduces with
a concurrent increase in Ti/Ti(O) peaks. The Ti6Al4V alloy samples
oxidized at 500 and 650 ◦C show predominantly the Ti and Ti(O)
peaks whereas those oxidized at 800 ◦C show only the rutile phase
(denoted as ‘R’ in Fig. 6). Similar observations were also made ear-
Fig. 6. XRD patterns of untreated Ti6Al4V alloy and samples thermally oxidized at
different temperatures for various durations of time in air.
lier by other researchers [27,28,31,36,45]. Siva Rama Krishna et
al. [31] have reported the formation of Ti(O) at temperatures less
than 700 ◦C and rutile at and above 800 ◦C as the dominant phase
following oxidation of titanium. Guleryuz and Cimenoglu [27,45]
have reported the presence of anatase phase when the Ti6Al4V
alloy was oxidized at 600 ◦C for 24 and 48h whereas rutile was
Fig. 5. Cross-sectional scanning electron micrographs of Ti6Al4V alloy samples thermally oxidized at different temperature (500, 650 and 800 ◦C) for various durations of
time in air (8h, 16 and 24h) and at 650 ◦C for 48h.
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Fig. 5. (Continued ).
the only dominated phase when the alloy was oxidized at 650 ◦C
for 48h.
The presence of only the rutile phase on Ti6Al4V oxidized at
800 ◦C for 8h suggests the formation of a thick oxide film. The pres-
ence of -Ti and Ti(O) peaks at 500 ◦C indicates the formation of a
thin oxide film whereas the presence of -Ti, Ti(O) and rutile at
650 ◦C points out that the thickness of the oxide layer would lie
between those oxidized at 500 and 800 ◦C. The presence of Ti(O)
as the strongest peak suggests that rutile formation is minimal at
650 ◦C, which would otherwise lead to the absence of the Ti(O)
peaks [46].
3.5. Microhardness of untreated and thermally oxidized Ti6Al4V
alloy
Themicrohardness of untreated and TO Ti6Al4V alloymeasured
on the surface of the oxide layer is given in Fig. 7. The micro-
hardness of untreated Ti6Al4V alloy is 324±8 HV0.2. Thermally
oxidized Ti6Al4V alloy exhibits a significant increase in hardness
due to the formation of hard oxide layers and the strains evolved
during the dissolution of oxygen beneath the oxide layer of the
substrate [47,48]. According to Yan and Wang [49], the low hard-
ness of untreated CP-Ti is due to its relatively low c/a ratio whereas
the increase in hardness after thermal oxidation treatment is due
to the lattice distortion caused by the dissolved oxygen which is
reflected by the increase in c/a ratio. In the present study, the hard-
ness of Ti6Al4V alloy is increased from 324±8 to 985±40 HV0.2
when it is thermally oxidized at 650 ◦C for 48h, almost a three-
fold increase, when compared to that of the untreated sample.
However, a lower hardness is observed for the sample oxidized at
Fig. 7. Surface microhardness of untreated Ti6Al4V alloy and those thermally oxi-
dized at different temperatures for varying duration of time in air.
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Fig. 8. Microhardness depth profile of Ti6Al4V alloy thermally oxidized at 650 ◦C
for different durations of time in air.
800 ◦C for 8h than those treated at 650 ◦C for 48h. Guleryuz and
Cimenoglu [45] have reported an increase in hardness from 450 to
1300 HV0.01 upon oxidation of Ti6Al4V alloy at 600 ◦C for 60h. The
scattering in microhardness values of thermally oxidized Ti6Al4V
alloy appears to increase with increase in oxidation temperature,
which is in agreement with the results of Guleryuz and Cimenoglu
[45]. This may be due to the microstructural inhomogenities, i.e.,
the formation of oxide islands with their grains on to the surface.
It has been reported elsewhere that TO would lead to an increase
in surface roughness of the oxide film due to the differential oxida-
tion rate of individual grains of the polycrystalline alloy [50,51] that
supports the results of the present work of higher surface rough-
ness and microhardness with increase in treatment temperature
and time. The increase in surface roughness of the oxide could be
the contributing factor for the observed scattering in the hardness
values. Themicrohardness depth profile of Ti6Al4V alloy thermally
oxidized at 650 ◦C for 8, 16, 24 and 48h is given in Fig. 8. The reduc-
tion in hardness from the surface to the core is clearly evident. The
microhardness of Ti6Al4V alloy thermally oxidized at 650 ◦C for 8,
16 and 24h quickly reaches the core hardness value. However, the
decrease in hardness is gradual when the alloy is oxidized at 650 ◦C
for 48h, which may be due to the involvement of the thicker and
softer oxygen diffused zone.
3.6. Mechanism of oxide film formation on Ti6Al4V alloy
The oxidation behaviour of titanium has been studied earlier.
Titaniumhas an appreciable solubility of oxygen under normal oxi-
dizing conditions. Titanium reacts immediately with oxygen and
formsa thin TiO2 layer (∼4–5nmthick) on the surface that prevents
it from further oxidation or oxygen diffusion at lower tempera-
ture. However, at sufficiently high temperatures, oxygen diffuses
through the oxide layer, and at the metal–oxide interface, it reacts
with titanium to formTiO2. Formation of an oxide layer is accompa-
nied with the dissolution of diffusing oxygen in the metal beneath
it. An increase in temperature accelerates the rate of oxidation,
thus allowing the formation of a thicker oxide layer with a deeper
oxygen diffusion zone. The oxidation of titanium and its alloys fol-
lows different rate laws as a function of temperature. Below 400 ◦C
oxidationof titanium follows a logarithmic rate lawwhereas a tran-
sition from logarithmic to parabolic or an approximately cubic rate
law is observed between 400 and 600 ◦C. The oxidation of tita-
nium followsparabolic rate lawbetween600 and700 ◦Cwhile after
Fig. 9. Potentiodynamic polarization curves of untreated Ti6Al4V alloy and samples
thermally oxidized at different temperatures for various durations of time in air.
extended reaction it transforms into an approximately linear rate
[51].
In the present study thermal oxidation of Ti6Al4V alloywas per-
formed at 500, 650 and 800 ◦C. The major alloying elements, viz.,
Al and V would influence the oxidation behaviour of the Ti6Al4V
alloy. It has been reported earlier that Al has reduced the amount of
dissolved oxygen from 34 to 0.3 at.% when Ti–Al alloywas oxidized
at 700 ◦C [52]. Since the formation of Al2O3 is thermodynamically
more favourable, the formation of an -Al2O3 layer near the exter-
nal interface and distribution of alumina in the distinct sub-layers
of variable thickness help reducing the amount of dissolved oxy-
gen [52]. However, addition of 1.4wt.% of V has been observed to
prevent the formation of Al2O3 barrier layer at the interface of
inner/outer layers and increase the rate of oxidation [53]. Since,
the vanadium content of the present sample is more than 1.4wt.%,
the formation of oxygen diffusion layer for samples oxidized at 650
and 800 ◦C is expected [53]. The EDX analysis of the oxide layer
formed on Ti6Al4V alloy of the present study reveals the presence
of Ti, Al, V and O, which suggests the formation of oxides of Ti,
Al and V (Fig. 4). The formation of oxygen diffusion layer, how-
ever, could not be predicted based on the EDX analysis. Based on
the elongation of ‘c’ axis, increase in lattice parameter and increase
in c/a ratio, Yan and Wang [49] have reported that the formation
of oxygen diffusion layer. Ebrahimi et al. [54] have confirmed the
presence of dissolved oxygen in titanium based on the broaden-
ing of the -peaks and appearance of a shoulder pattern at lower
diffraction angles. The X-ray diffraction pattern of Ti6Al4V alloy
thermally oxidized at 650 ◦C reveals the shift of peaks pertaining
to -Ti to lower diffraction angles, suggesting an increase in lat-
tice parameters. Broadening of the -peaks and appearance of a
shoulder pattern (marked as * in Fig. 6) at lower diffraction angles
confirms the presence of oxygen diffusion layers. Hence, thermal
oxidation of Ti6Al4V alloy involves simultaneous dissolution and
oxide scale formation, leading to the formation of an oxygen diffu-
sion layer. With increase in treatment temperature and time, the
thickness of the oxide containing Al2O3 and TiO2, and the oxygen
content of the diffusion layer increase and as a result an increase in
hardness is observed.
3.7. Potentiodynamic polarization studies of untreated and
thermally oxidized Ti6Al4V alloy
The potentiodynamic polarization curves of untreated and TO
Ti6Al4V alloy in Ringer’s solution in the potential range of −250 to
+3000mV vs. SCE with respect to their OCP are shown in Fig. 9.
Though a clinical reality does not exist at such a high potential
of +3000mV vs. SCE, this potential range was chosen to observe
the effect of oxidation conditions and consequently the oxide layer
thickness on the passivity and breakdown of the oxide layer, if any.
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Table 2
Corrosion parameters of untreated and thermally oxidized Ti6Al4V alloy.
Sample Treatment time (h) Ecorr (mV) icorr (mAcm−2) ipass (mAcm−2)a Impedance (k cm2)
Untreated 0 −433 6.7×10−4 2.1×10−2 10.2
TO
at
500 ◦C
8 −130 2.8×10−4 3.6×10−3 11.5
16 −84 1.4×10−4 1.1×10−3 15.9
24 −76 1.9×10−4 1.7×10−3 14.9
TO
at
650 ◦C
8 +59 6.0×10−5 1.7×10−3 60.4
16 +135 5.7×10−5 7.4×10−4 563.4
24 +233 1.3×10−5 3.1×10−4 905.2
48 −105 6.6×10−5 9.1×10−4 73.6
TO at 800 ◦C 8 +68 6.8×10−5 2.2×10−3 46.7
a Measured at +1000mV from OCP vs. SCE.
The corrosion potential (Ecorr), corrosion current density (icorr) and
the current density corresponding to +1000mV vs. SCE, measured
for the untreated and TO Ti6Al4V alloy are given in Table 2. The
thermally oxidized Ti6Al4V alloy sample exhibits a shift in Ecorr
towards the noble direction and a decrease in icorr when compared
to that of the untreated alloy sample. The Ecorr and icorr values vary
with the temperature and time duration employed for oxidation.
The Ti6Al4V alloy thermally oxidized at 650 ◦C for 24h exhibits a
nobler Ecorr and lower icorr values among all sample studied (Fig. 9
and Table 2). The Ecorr of Ti6Al4V alloy samples oxidized at 500 ◦C is
negative while those oxidized at 650 ◦C are positive (except those
oxidized for 48h). This is due to the increase in thickness of the
oxide layer and decrease in the gaps/uncovered areas between the
oxide layer for those oxidized at 650 ◦C for 8, 16 and 24h.
The anodic branch of the polarization curve exhibits an
active–passive transition inall the cases.However, theactive region
of the polarization curves of the thermally oxidized Ti6Al4V alloy
is extended towards lower current region, suggesting the ability of
the thermally formed oxide layer to offer an improvement in corro-
sion resistance. The decrease in ipass of thermally oxidized Ti6Al4V
alloy suggests that the oxide film formed on its surface possesses a
better insulatingpropertyandhinders thepassageofhigher current
for further chemical reaction/oxidation of species in the electrolyte
compared to that of the naturally formed thin oxide layer (∼5nm)
present on the untreated alloy (Fig. 9 and Table 2). The ipass of the
Ti6Al4V alloy oxidized at 650 ◦C for 24h is the lowest and it is about
67 times lower when compared to that of untreated one.
Several researchers have confirmed that thermally oxidized
CP-Ti and Ti6Al4V alloy offer a better corrosion resistance when
compared to their untreated counterparts in a variety of envi-
ronments. Garcia-Alonso et al. [36] have reported that the ipass
of Ti6Al4V alloy, thermally oxidized at 500 and 700 ◦C for 1h,
in Ringer’s solution, is very low when compared to that of the
untreated alloy. A comparison of the ipass of thermally oxidized
Ti6Al4V alloy reported by Garcia-Alonso et al. [36] and those
observed in the present study reveals that the extent of decrease
in ipass following oxidation is relatively higher in the present study.
This is due to the variation in the thickness of the oxide film fol-
lowing the difference in the treatment time employed—about 1h
by Garcia-Alonso et al. [36] whereas a minimum of 8h in the
present study. Guleryuz and Cimenoglu [27] have reported that
Ti6Al4V alloy thermally oxidized at 600 ◦C offers excellent corro-
sion resistance when compared to untreated alloy when they are
subjected to accelerated corrosion test in 5M HCl. According to
them, the formation of a thick and stable oxide film on the sur-
face of the alloy results in a negligible loss in weight even after
36h of immersion in 5M HCl. Bloyce et al. [33] have compared the
corrosion resistance of untreated, plasma nitrided (PN), thermally
oxidized (TO), palladium-treated thermally oxidized (PTO) CP-Ti
in 3.5% NaCl solution at room temperature by potentiodynamic
polarization studies. Both TO and PTO CP-Ti samples exhibit a shift
in Ecorr towards the noble direction and a decrease in icorr com-
pared to that of PN and untreated CP-Ti. They have also evaluated
the corrosion resistance of these samples by the accelerated corro-
sion test that involves immersion in boiling 20% HCl. Both TO and
PTO CP-Ti samples increase the lifetime by a factor of about 13 and
27, respectively compared to PN CP-Ti. The results of the present
study further confirm the fact that thermally oxidized Ti6Al4V alloy
could offer excellent corrosion resistance compared to untreated
samples. Though both icorr and ipass are indicative of the corrosion
protective ability, in the present study ipass is used to rank the ther-
mally oxidized Ti as it reflects the ability of a material/treatment to
sustain in an aggressive environment even at higher anodic poten-
tials. Basedon the ipass values, the ability of untreatedand thermally
oxidized Ti6Al4V alloy of the present study to offer a better corro-
sion resistance can be ranked as follows: untreated<TO at 500 ◦C
for 8h<TO at 800 ◦C for 8h<TO at 500 ◦C for 24h=TO at 650 ◦C for
8h<TO at 500 ◦C for 16h<TO at 650 ◦C for 48h<TO at 650 ◦C for
16h<TO at 650 ◦C for 24h. This ranking indicates that the corro-
sion protective ability of thermally oxidized Ti6Al4V alloy does not
follow a linear relation either with treatment temperature or time.
This may be due to the defects present in the oxide layer. An exten-
sive studyof thedefects andvolumeofpores formedas a functionof
temperature and time employed for oxidationwill provide a better
understanding of this phenomenon.
3.8. Electrochemical impedance spectroscopic studies of
untreated and thermally oxidized Ti6Al4V
The Bode impedance plots of untreated and TO Ti6Al4V alloy in
Ringer’s solution, at their respective OCP’s, are shown in Fig. 10(a).
TheBode impedanceplot reveals that the impedancevalues of ther-
mally oxidized Ti6Al4V alloy are higher than that of the untreated
alloy (Fig. 10(a)). The Bode impedance plots of Ti6Al4V alloy sub-
jected to TO 650 and 800 ◦C are at the higher side in the entire
frequency range studied while those oxidized at 500 ◦C are at the
higher side at higher frequency region when compared to the
untreated alloy sample. A direct correlation between thickness of
the oxide layer obtained as a function of temperature and time
employed for oxidation and the impedance values could not be
established. Thismaybedue to thepresenceof gaps/discontinuities
between the oxide grains.
The Bode phase angle plots (Fig. 10(b)) exhibit much varia-
tion,whichprovides anunderstandingof the corrosionmechanism.
Untreated Ti6Al4V alloy exhibits a phase angle maximum of −75◦
at an intermediate frequency of 90Hz, which remains constant
over a wide frequency range, from 90 to 8Hz and subsequently
declines to −18◦ at lower frequencies. The Ti6Al4V alloy sample
oxidized at 500 ◦C exhibits a relatively lower phase angle maxi-
mumof about−60◦, which remains constant over awide frequency
range. The occurrence of a constant phase angle maximum over a
wide frequency range is typical of passive surfaces, which indicates
Author's personal copy
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Fig. 10. (a) Bode impedance plots of untreated Ti6Al4V alloy and samples thermally
oxidizedat different temperatures for variousdurationsof time in air. (b) Bodephase
angle plots of untreated Ti6Al4V alloy and samples thermally oxidized at different
temperatures for various durations of time in air.
a near capacitive behaviour. Such an occurrence also describes the
dielectric properties of the oxide film; the difficulty encountered
in charge transfer process and, ascertains a good corrosion protec-
tive ability of the oxide film. The phase angle plots of Ti6Al4V alloy
thermally oxidized at 650 ◦C for 48h and at 800 ◦C for 8h starts
from −57◦ and −47◦ at 10,000Hz, gradually decrease to −15◦, at
an intermediate frequency of around 50Hz and further increases
to −50◦ and −30◦, respectively. The continuous decrease of the
phase shift of Bode phase angle curves can be explained using a
transmissive boundary model, which considers the fact that only
the bottom of the hole is conducting whereas its wall is isolating
[55]. The Bode phase angle plots of some of the thermally oxidized
Ti6Al4V alloy exhibit two inflexion points in the frequency range
studied, suggesting the involvement of the mass transfer through
pores. The occurrence of two inflections in the phase angle plot
indicates the involvement of two time constants, which has also
been reported earlier by Garcia-Alonso et al. [36] for Ti6Al4V alloy
oxidized at 700 ◦C for 1h. The observed variation in the curves sug-
gests a strong dependence of the nature of the oxide layer and
the presence of gaps/discontinuities rather than on the tempera-
ture and time employed for oxidation. The increase in impedance
values of thermally oxidized Ti6Al4V alloy suggests an excellent
corrosion protective ability and support the observations made by
potentiodynamic polarization studies. For the Ti6Al4V alloy ther-
mally oxidized at 650 ◦C for 24h, the increase in impedance value
is almost 90 times when compared to that of the untreated alloy,
which confirms its ability to offer an excellent corrosion resistance.
The results of thepolarizationandEIS studies reveal that the cor-
rosion protective ability of the Ti6Al4V alloy is improvedwhen it is
thermally oxidized. The excellent chemical resistance of the rutile
phase [56] could be one of the contributing factors in samples oxi-
dized at 650 and 800 ◦C. There is no direct correlation between the
thickness of the oxide layer obtained as a function of temperature
and time employed for oxidation and the corrosion protective abil-
ity; rather it appears to be a function of the nature of the oxide layer
and the presence of gaps/discontinuities in it.
4. Conclusions
The oxidation behaviour of Ti6Al4V alloy at 500, 650 and
800 ◦C for 8, 16, 24 and 48h, was evaluated based on their sur-
face morphology, surface roughness, structural characteristics and
hardness. The mechanism of formation of the oxide layer on
Ti6Al4V alloy was discussed. The corrosion behaviour of thermally
oxidized Ti6Al4V alloy in Ringer’s solutionwas comparedwith that
of the untreated alloy. The study leads to the following conclusions:
• The surface morphology of thermally oxidized Ti6Al4V alloy
reveals the formation of a thin adherent surface layer at 500 ◦C
that changes into a small grain structure at 650 ◦C and a complete
coverage of oxide islands with the grains oriented perpendicular
to the substrate at 800 ◦C. The growth mode involves the for-
mation of a thin oxide scale followed by its agglomeration and
growth to completely cover the surface.
• Thermal oxidation of Ti6Al4V alloy performed at 800 ◦C for 16
and 24h exhibits spalling of the oxide layer.
• Ti6Al4V alloy oxidized at 800 ◦C exhibits the formation of a thick
oxide film that consists of only the rutile phase whereas both TiO
and /-Ti are found to be present on Ti6Al4V alloy oxidized at
500 and650 ◦C,with TiO as thedominant phase at 650 ◦C. Anatase
phase peaks are observed for the sample thermally oxidized at
500 ◦C.
• Almost a threefold increase in hardness is observed for Ti6Al4V
alloy oxidized at 650 ◦C for 48h compared to that of the untreated
alloy (324±8 HV0.2).
• The Ecorr, icorr, ipass and impedance values indicate that corrosion
protective ability of thermally oxidizedTi6Al4Valloy ismuchbet-
ter than theuntreated alloy. Basedon the ipass value, the corrosion
protective ability of untreated and thermally oxidized Ti6Al4V
alloyof thepresent studycanbe rankedas follows:untreated>TO
at 500 ◦C for 8h>TO at 800 ◦C for 8h>TO at 500 ◦C for 24h=TO
at 650 ◦C for 8h>TO at 500 ◦C for 16h>TO at 650 ◦C for 48h>TO
at 650 ◦C for 16h>TO at 650 ◦C for 24h.
• There is no direct correlation between the thickness of the
oxide layer obtained as a function of temperature and time
employed for oxidation and the corrosion protective ability;
rather it appears to be a function of the nature of the oxide layer
and the presence of gaps/discontinuities in it.
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